Imprinted genes are commonly expressed in mammalian placentas and in plant seed endosperms, where they exhibit preferential uniparental allelic expression. In mammals, imprinted genes directly regulate placental function and nutrient distribution from mother to fetus [1] [2] [3] [4] ; however, none of the >60 imprinted genes thus far reported in plants have been demonstrated to play an equivalent role in regulating the flow of resources to the embryo [5] [6] [7] . Here we show that imprinted Maternally expressed gene1 (Meg1) in maize [8] is both necessary and sufficient for the establishment and differentiation of the endosperm nutrient transfer cells located at the mother:seed interface. Consistent with these findings, Meg1 also regulates maternal nutrient uptake, sucrose partitioning, and seed biomass yield. In addition, we generated an imprinted and nonimprinted synthetic Meg1 ( syn Meg1) dosage series whereby increased dosage and absence of imprinting both resulted in an unequal investment of maternal resources into the endosperm. These findings highlight dosage regulation by genomic imprinting as being critical for maintaining a balanced distribution of maternal nutrients to filial tissues in plants, as in mammals. However, unlike in mammals, Meg1 is a maternally expressed imprinted gene that surprisingly acts to promote rather than restrict nutrient allocation to the offspring.
Imprinted genes are commonly expressed in mammalian placentas and in plant seed endosperms, where they exhibit preferential uniparental allelic expression. In mammals, imprinted genes directly regulate placental function and nutrient distribution from mother to fetus [1] [2] [3] [4] ; however, none of the >60 imprinted genes thus far reported in plants have been demonstrated to play an equivalent role in regulating the flow of resources to the embryo [5] [6] [7] . Here we show that imprinted Maternally expressed gene1 (Meg1) in maize [8] is both necessary and sufficient for the establishment and differentiation of the endosperm nutrient transfer cells located at the mother:seed interface. Consistent with these findings, Meg1 also regulates maternal nutrient uptake, sucrose partitioning, and seed biomass yield. In addition, we generated an imprinted and nonimprinted synthetic Meg1 ( syn Meg1) dosage series whereby increased dosage and absence of imprinting both resulted in an unequal investment of maternal resources into the endosperm. These findings highlight dosage regulation by genomic imprinting as being critical for maintaining a balanced distribution of maternal nutrients to filial tissues in plants, as in mammals. However, unlike in mammals, Meg1 is a maternally expressed imprinted gene that surprisingly acts to promote rather than restrict nutrient allocation to the offspring.
Results and Discussion
Maternally Expressed Imprinted Meg1 Is Necessary for Transfer Cell Differentiation in the Maize Endosperm Imprinted Maternally expressed gene1 (Meg1) encodes a small cysteine-rich peptide [8] , which localizes to the plasma cell membrane and extracellular matrix of endosperm transfer cells (see Figures S1A and S1B available online). The MEG1 peptide belongs to a recently identified group of signaling peptides that regulate cell differentiation events in plants [9] [10] [11] [12] [13] , and hence we postulated that Meg1 might influence transfer cell differentiation. To test this theory and determine Meg1 function, we generated stable transgenic maize lines expressing a Meg1 hairpin RNA-mediated interference (RNAi) construct under the control of a cauliflower mosaic virus (CaMV) 35S promoter. Resulting plants backcrossed to wild-type led to 48.4% (n = 1699) of the progeny displaying a small-seed phenotype ( Figures 1A and 1B) with a 26.4%-44.3% weight reduction (unpaired Student's t test, ***p < 0.0001; Figure 1C ). Cross-sections of mature Meg1 RNAi seeds revealed a significantly reduced maternal:filial interface (MFI) and endosperms that were 16.4% smaller than in wildtype ( Figures S2A and S2B) . Notably, the greatest reduction in size was observed for embryos, which were 19.6% smaller than wild-type and at times inviable. To determine whether the small-seed phenotype was due to defects in the endosperm transfer tissue (ETT), we examined tissue morphology and ETT-specific gene expression patterns. Microscopic examinations of Meg1 knockdown seeds revealed irregularities in the organization and differentiation of the transfer tissue, such that its length and depth were restricted, comprising at most one disrupted layer of cells altogether lacking or containing fewer cell wall ingrowths compared with wild-type ( Figures 1D, 1E , S1C, and S1D). Consistent with our findings, qRT-PCR analysis showed Meg1 and other ETT-specific transcripts to be greatly depleted in Meg1 RNAi seeds compared to wild-type ( Figure S2C ). Moreover, reduction of Meg1 transcripts correlated with smaller seed production (see Figures 1C and S2C ), suggesting that Meg1 activity is associated with seed size control. To investigate whether transfer cell identity and function were also perturbed, we performed immunodetection of ZmMRP-1, a MYB-like transcription factor involved in endosperm transfer cell differentiation [14] , and of the ETT-localized cell wall invertases INCW1 and INCW2, which account for the majority of apoplastic cleavage of sucrose to hexose sugars within the maize seed [15] . Consistent with our histological observations and molecular data, ZmMRP-1 and INCW1 and 2 were less abundant and displayed nonuniform localization in the basalmost cells of Meg1 RNAi endosperms ( Figures 1F, 1G , S2D, and S2E). Collectively, our data suggest that Meg1 is necessary for transfer cell differentiation.
Meg1
Regulates Maternal Nutrient Translocation and Partitioning in the Seed Transfer tissues are major sites of sugar translocation and partitioning by invertase enzymes and are hence considered key determinants of sink strength and seed biomass yield [16] [17] [18] [19] [20] [21] [22] . To test whether transfer cell function and associated metabolic processes were also affected by Meg1 downregulation, we first assayed the enzymatic activity of total seed invertases in Meg1 RNAi lines (Figures 2A, S2F , and S2G). Consistent with our immunolocalization data, Meg1 knockdown seeds exhibited a dramatic (35.2% to 70.1%) reduction in cell wall invertase activity compared with wild-type (unpaired Student's t test, p < 0.0001; Figures 2A and S2F ), while no differences were observed for soluble invertase activity ( Figure S2G ). In accordance with our invertase measurements, hexose sugars were 9.4% to 43.5% lower in basal halves of Meg1 RNAi seeds than in wild-type from 8 to 20 days after pollination (dap). By contrast, sucrose content was similar to wild-type at 8 dap but increased considerably thereafter from 13.8% to 82.7% ( Figures 2B-2D) . As a result, hexose:sucrose ratios were 18.4% to 52.8% lower in Meg1 *Correspondence: j.f.gutierrez-marcos@warwick.ac.uk knockdown seeds than in wild-type ( Figure S2H ). These data are consistent with those reported for the maize miniature1 (mn1) mutant impaired in INCW2 activity [16] , although Meg1 affects both local and total sugar levels in developing seeds ( Figures S2H and S2I ). Collectively, these findings suggest that Meg1 is required for transfer cell function and sugar homeostasis during seed development.
Meg1 Is Sufficient for Endosperm Transfer Cell Development and Function
To further understand how Meg1 regulates transfer tissue function and development, we generated stable transgenic maize lines expressing Meg1 under an enhanced CaMV 35S promoter. RT-PCR analysis of independent transformants revealed ectopic expression of Meg1 in embryos, apical endosperms, roots, and leaves ( Figure S3A ). However, Meg1 misexpression resulted in a discernable seed phenotype only, which likely reflects a critical requirement for maintaining the correct spatial expression levels of Meg1 and the specificity of MEG1 action. Seeds misexpressing Meg1 were 13% smaller (n = 160; Figures 3A and 3B) with reduced-size embryos ( Figure S3B ) and 16.7% lighter (n = 275; Figure 3C ) than wild-type kernels, despite containing increased Meg1 transcript levels ( Figure S3C ). Microscopic examinations of developing seeds revealed subtle perturbations to ETT organization. Notably, these seeds contained discrete clusters of ectopic transfer cells (ETCs) that were often situated in the abgerminal epidermis of the endosperm ( Figures 3D and 3E and INCW1 and 2 further confirmed the transfer cell identity of these ETCs (Figure 3F ), suggesting that Meg1 is a key regulator of transfer cell identity. Consistent with these findings, total seed hexose:sucrose ratios were 31.8% to 168.1% higher in these lines than in wild-type ( Figures S3D-S3G ) and contrasted with those in Meg1 knockdown seeds ( Figure S2D ), thus confirming that Meg1 is sufficient for the development of a functional transfer tissue. In cereals, transfer cells are determined at early stages of seed development [23, 24] . To better define the impact that timing of Meg1 misexpression has on ETT formation in maize, we generated dexamethasone (dex)-inducible Meg1 misexpression transgenic lines also expressing an ETT-specific reporter (pBet1::uidA). Notably, Meg1 induction in cultured seeds 2 days postfertilization gave rise to the widespread formation of ETCs in the peripheral endosperm ( Figures 3G-3J) . These results confirm a critical role for Meg1 in determining the transfer layer at early stages of endosperm development, i.e., when endogenous Meg1 is solely maternally expressed [8] . Collectively, our constitutive and dex-inducible misexpression data identify Meg1 as a positive regulator of ETT development. Furthermore, our results highlight a critical temporospatial requirement for Meg1 expression in the transfer cell tissue of developing endosperms.
Dosage Regulation of Meg1 by Genomic Imprinting Is Critical to Maintain a Balanced Distribution of Nutrients between Embryo and Endosperm
The removal of imprinted control regions and altered dosage has uncovered critical roles for some mammalian imprinted genes in regulating placental and embryonic development [25, 26] . In a similar approach, we generated stable transgenic maize lines expressing a codon-optimized synthetic Meg1 transgene ( syn Meg1) with low nucleotide sequence homology to endogenous Meg1 ( Figure S4A ). For this, we generated two sets of stable transgenic lines containing the syn Meg1 transgene under the control of either the native Meg1 imprinted promoter [8] (pMeg1> syn Meg1) or a nonimprinted promoter (pBet9> syn Meg1) ( Figure S4B ) able to drive similar temporospatial expression in the ETT ( Figure S4C ). Functional syn Meg1 lines were selected on the basis of both the presence of syn MEG1 protein expression ( Figure S4D ) and genetic complementation of Meg1 RNAi lines, as indicated by the phenotypic reversion of seed progeny to wild-type ( Figures S4E and S4F) . We then generated a dosage series in the triploid (2 maternal:1 paternal) endosperm by self-pollinating or outcrossing these functional syn Meg1 lines with wild-type plants. Endosperm genotypes were independently verified by qPCR and by relative expression of a visible reporter ( Figure 4A ; Figure S4G ), and synMeg1 expression levels for the endosperm doses were validated by qRT-PCR ( Figure S4H ). When syn Meg1 was transmitted maternally under the imprinted Meg1 promoter (pMeg1> syn Meg1
TT/2 ), significant increases in dry seed weight, endosperm size, embryo size, and MFI length were observed compared with wild-type (Table S1; Figure 4B ). By contrast, paternal transmission of pMeg1> syn Meg1 caused a significant increase for only one of four seed traits measured (Table S1; Figure 4B ). We attribute the minor growth effects observed in pMeg1> syn Meg1 22/T seeds to the paternal allelic silencing conferred by the imprinted Meg1 promoter at early stages of development ( [8] ; see Figure S4B ), because paternal transmission of nonimprinted syn Meg1 (pBet9> syn Meg1
22/T
) exerted a greater impact on the seed traits measured (Table S2 ; Figure 4B ). Maternal transmission of nonimprinted syn Meg1 also impacted significantly on all seed traits analyzed, although the greatest impact on seed growth was observed when nonimprinted syn Meg1 was transmitted biparentally in the endosperm (Table S2 ; Figure 4B ). Intriguingly, we noticed that endosperm area increased more than embryo area (14.5% compared with 9.3%, respectively) in pBet9> syn Meg1
TT/T seeds, whereas no significant differences in embryo size were observed in pBet9> syn Meg1 22/T seeds (Table S2 ; Figure 4B) . These results indicate a disproportionate investment of maternal resources into the endosperm with increasing syn Meg1 dosage. Consistent with these findings, greater expansion of the transfer tissue ( Figures 4C and 4D ) and increased MFI length (+15.8%, n = 266) were also observed as a result of augmented syn Meg1 dosage, revealing a linear correlation coefficient of R 2 = 0.9517 to 0.9870 between those seed traits and MEG1 activity. In support of this, spatial localization of endogenous MEG1 and syn MEG1 was also detected in the expanded transfer tissues of these seeds ( Figures S4I and S4J , respectively). Taken together, our dosage analyses suggest that MEG1 activity impacts positively throughout transfer tissue development to promote transfer cell function and determine quantitative seed traits in a dosagedependent manner, whereas imprinting serves to limit these effects.
Conclusions
Embryos need to obtain nutrients from the maternal tissues that surround them in order to sustain their growth and development. To aid this process, eutherian mammals and flowering plants have independently evolved intermediary extraembryonic organs-the placenta and endosperm, respectively. Consistent with their embryo-nourishing roles, these organs contain transfer tissues, which in some species comprise highly specialized cells with characteristic labyrinthine ingrowths that facilitate maternal solute uptake [17, 27] . In maize, transfer cell fate is specified by zygotic [23] and maternal gametophytic factors [28] , and the transfer tissue is one of the first tissue types to be recognizable in the early developing endosperm. Recently, a single MYB-like transcription factor (ZmMRP-1) was identified as a key regulator of transfer cell differentiation [14] . ZmMRP-1 transcriptionally activates a number of transfer cell-specific genes in the maize endosperm [29] , including Meg1 [8] . Intriguingly, our results reveal that Meg1 acts upstream of ZmMRP-1, suggesting the existence of a positive feedback loop to establish the transfer tissue and maintain its cellular differentiation throughout ETT development. Moreover, our misexpression studies further indicate that the restricted temporospatial expression of Meg1 is a critical factor determining correct ETT formation.
The parental conflict model predicts a role for imprinted genes in modulating nutrient allocation from mother to offspring via the placenta or endosperm [30, 31] . However, although some plant imprinted genes pleiotropically affect seed growth and development, none to date are known to directly regulate embryo nourishment [6] . Our data demonstrate for the first time that an imprinted gene in plants is required for endosperm function in assisting maternal provisioning to the embryo. However, contrary to expectations [30] , maternally expressed Meg1 positively regulates transfer tissue development and function, thereby promoting the nutrient uptake capacity of the seed and ultimately increasing biomass yield. Instead, our findings are consistent with the strong maternal influence over placental-like function conferred by genomic imprinting, which has been attributed to maternaloffspring coadaptation [32] .
Genomic imprinting confers parental dosage-dependent regulation [33] . In mammals, imprinted genes have been shown to be dosage sensitive, and a loss of imprinting or altered gene dosage can lead to the unbalanced distribution of nutrients between placenta and fetus [26] . Similarly, we Table S1 and Table S2 for found that increased syn Meg1 dosage caused a disproportionate overgrowth of the endosperm, thus suggesting an analogous role for genomic imprinting across kingdoms in modulating maternal nutrient distribution to offspring. These findings are particularly relevant in plant species whose persistent endosperms play a major role in provisioning the embryo through to seedling establishment, as we propose that genomic imprinting represents a hitherto unrecognized epigenetic constraint to the further amelioration of agronomic crop seeds by human selection.
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